Dopamine D1 receptors (D1Rs) play a key role in cocaine addiction, and multiple protein kinases such as GRKs, PKA, and PKC are involved in their phosphorylation. Recently, we reported that protein kinase D1 phosphorylates the D1R at S421 and promotes its membrane localization. Moreover, this phosphorylation of S421 is required for cocaineinduced behaviors in rats. In the present study, we generated transgenic mice over-expressing S421A-D1R in the forebrain. These transgenic mice showed reduced phospho-D1R (S421) and its membrane localization, and reduced downstream ERK1/2 activation in the striatum. Importantly, acute and chronic cocaine-induced locomotor hyperactivity and conditioned place preference were significantly attenuated in these mice. These fi ndings provide in vivo evidence for the critical role of S421 phosphorylation of the D1R in its membrane localization and in cocaine-induced behaviors. Thus, S421 on the D1R represents a potential pharmacotherapeutic target for cocaine addiction and other drug-abuse disorders.
INTRODUCTION
Cocaine is one of the most widely abused drugs, and long-term abuse leads to addiction and serious health problems. To date, no pharmacologic intervention for cocaine addiction has been successfully developed [1] .
Understanding the biological pathways and identifying new therapeutic targets may provide new insights into the treatment of cocaine addiction.
Cocaine induces a strong increase in extracellular dopamine (DA) levels by direct inhibition of DA transporters [2, 3] . Increased extracellular DA in the dopaminergic mesocorticolimbic and nigrostriatal systems plays a critical role in the effects of cocaine and addiction [1] . DA acts through DA receptors, which can be grouped into two subclasses based on their structural, pharmacological, and physiological properties [4] . The D1-like subclass is composed of D1 and D5 receptors that couple to the G s / adenylate cyclase/cyclic adenosine 3,5,-monophosphate (cAMP) signaling pathway. The D2-like subclass is composed of D2, D3, and D4 receptors that couple to the G i protein, which leads to the inhibition of cAMP accumulation.
Both D1 and D2 receptors, the most abundant subtypes in vivo, play key roles in reward and drug addiction. proteins [5, 6] .
Phosphorylation is one of the major post-translational modifications of the D1R. To date, three classes of protein kinases have been identified to be involved in D1R phosphorylation: G-protein-coupled receptor kinases (GRKs), cAMP-dependent protein kinase (PKA), and protein kinase C (PKC) [4] . The major effect of D1R phosphorylation is receptor desensitization, the process of diminishing receptor responsiveness under continuous agonist stimulation. GRK2-like (GRK2 and GRK3) and GRK4-like (GRK4 and GRK5) kinases have been reported to phosphorylate the D1R [7, 8] . Second-messenger-activated Our recent studies revealed a new protein kinase, protein kinase D1 (PKD1), which is involved in D1R phosphorylation [9] . In contrast to the down-regulation of D1R function by GRK-, PKA-, or PKC-mediated phosphorylation, PKD1-mediated phosphorylation of the D1R at S421 promotes the membrane localization of D1Rs and contributes to the behavioral effects of cocaine.
In this study, we provide in vivo evidence for the critical role of S421 phosphorylation of D1Rs in cocaine-induced behaviors using transgenic mice over-expressing mutant S421A-D1R in the forebrain (Tg-S421A).
MATERIALS AND METHODS

Antibodies and Drugs
Anti-phospho-serine 421-D1R antibody (pS421-D1R) was custom-made by GL Biochem (Shanghai, China); anti-D1R
(sc-14001) and anti-extracellular signal-regulated kinase post-transfection. YFP-D1R and YFP-S421A-D1R plasmids were described previously [9] .
PKC Activity Assay
A non-radioactive PKC assay kit (V5330) from Promega (Madison, WI) was used. After treatment, cells were rinsed with cold PBS, and PKC activity was assayed immediately according to the manufacturer's protocol. Peking University and all efforts were made to minimize discomfort of the animals.
Generation of Transgenic Mice
DNA Extraction
Under inhalational anesthesia with isoflurane (Shandong Keyuan Pharmaceutical Co., Ltd, Shandong, China), the tip of the mouse tail (0.5 cm) was cut and digested with visualized and photographed using a gel documentation system (Bio-Rad Laboratories, Hercules, CA).
Western Blot Analysis
After anesthesia (10% chloral hydrate, 0.3 g/kg, i.p.), the bilateral striata were removed from mice, quickly frozen in liquid nitrogen, and stored at -70°C until further processing.
The tissues were homogenized in cold lysis buffer (containing 50 mmol/L Tris (pH 7.5), 250 mmol/L NaCl, 10 mmol/L EDTA, 0.5% NP-40, 1 μg/mL Leupeptin, 1 mmol/L PMSF, 4 mmol/L NaF) and total protein was extracted as described previously [10] . The immunoreactive bands were scanned and analyzed by densitometry with Quantity One Software (Bio-Rad Laboratories).
Immunofl uorescence Staining
After anesthesia (10% chloral hydrate, 0. 
Isolation of Membrane Fraction
Tissues were homogenized in ice-cold lysis buffer ( 
Cocaine-Induced Conditioned Place Preference
Cocaine-induced conditioned place preference (CPP) was performed using an unbiased, counterbalanced protocol. 
Open Field Test
The apparatus consisted of a large area made of wood and 
Statistical Analyses
Data are expressed as mean ± SEM. The statistical analyses were performed using Prism 5.0 software.
Differences between groups were compared using either Student's t-test or a two-way repeated measures ANOVA, followed by Bonferroni post hoc tests. Statistical signifi cance was set at P <0.05.
RESULTS AND DISCUSSION
Generation of S421A-D1R Transgenic Mice
First, we generated transgenic mice over-expressing mutant S421A-D1R in the forebrain (Tg-S421A mice) via the CaMKIIα promoter (Fig. 1A) . The transgenic mice Fig. 1B) . Furthermore, RT-PCR was used to detect GFP expression in the prefrontal cortex, striatum, hippocampus, and nucleus accumbens (Fig. 1C) . There was no detectable GFP expression in the midbrain. To further confirm GFP protein expression in the striatum of transgenic mice, we performed Western blot analysis and a GFP band of ~27 kD was detected in the striatal extracts from Tg-S421A mice but not in WT mice (Fig.   1D ). In addition, immunofluorescence staining confirmed GFP expression in the forebrain cortex of Tg-S421A mice, and the large pyramidal neurons were easily identifi ed by fl uorescence (Fig. 1E) . Altogether, these fi ndings revealed GFP overexpression in the forebrain of Tg-S421A mice.
Reduced Membrane Localization and Downstream ERK Signaling of D1Rs in Tg-S421A Mice
The goal of developing the Tg-S421A mice was to disrupt phosphorylation of the D1R at S421 in vivo, so However, the phosphorylation process is disrupted by this S421A mutation. Thus, less PKD1 protein is available for the phosphorylation of WT-D1R. Second, expression of exogenous D1R might competitively inhibit the synthesis of WT-D1R, leading to a reduction of WT-D1R production. So, the substrate of PKD1 is reduced and the level of pS421-D1R is decreased.
Meanwhile, contrary to the down-regulation of phospho-D1R, the total D1R expression was increased in the striatal extracts from Tg-S421A mice (P <0.05, Fig. 2A ).
The highest levels of D1R are found in the nigrostriatal, mesolimbic, and mesocortical areas, such as the striatum, nucleus accumbens, substantia nigra, amygdala, and frontal cortex [4] . Thus, the heterotopic expression of S421A Our recent studies indicated that phosphorylation of the D1R at S421 promotes receptor membrane localization [9] , so we compared the levels of D1R localized in the membrane fractions in the striatum of WT and Tg-S421A mice. The membrane localization of D1R was reduced in Tg-S421A mice compared with WT mice (P <0.05, Fig. 2B ), consistent with our previous findings.
However, the underlying mechanism is unknown. It is possible that receptor trafficking between membrane and intracellular compartments is disrupted by S421A mutation.
If this is the case, the D1R might increase mainly in the intracellular fraction.
To directly assess the effect of downregulation of Taken together, these data suggest that the downstream signaling of D1R is affected by the disruption of S421
phosphorylation.
Attenuation of Cocaine-Induced Locomotor Hyperactivity in Tg-S421A Mice
Cocaine is a prototypical psychomotor stimulant that increases locomotor activity [11] . In the following studies, we compared the acute and chronic cocaine-induced locomotor activity of WT and Tg-S421A mice. Prior to cocaine injection (-30 to 0 min), the locomotor activity did not differ between WT and Tg-S421A mice (Fig. 3A) . Quantitative analysis also showed no significant difference between the two groups ( Fig. 3B) . These results suggest that S421A mutation of D1R does not affect locomotor activity under physiological conditions. As expected, acute cocaine injection induced hyperactivity in both groups. However, at 5 and 10 min after cocaine injection, the locomotor activity of transgenic mice was markedly lower than that of WT mice (P <0.001 and P <0.05, respectively; Fig. 3A ). Quantitative analysis indicated that acute cocaine-induced hyperactivity is significantly attenuated in Tg-S421A mice (P <0.01, Fig. 3B ).
As repeated cocaine exposure is more common than single-use in practice, we measured the changes in locomotor activity during chronic cocaine administration in Tg-S421A mice by injecting cocaine (20 mg/kg, i.p.) once daily for 5 consecutive days. We compared the locomotor activity during the fi rst 30 min after cocaine administration (WT versus Tg-S421A mice). It is known that repeated administration of cocaine progressively enhances the induced locomotor activity [12] . In the present study, a gradual increase in locomotor activity was observed over the 5 consecutive days in both groups. However, the increase was reduced in the Tg-S421A mice compared to the WT mice (P <0.001, Fig. 3C ). Taken together, our results indicate that inhibiting S421 phosphorylation of the D1R significantly attenuates acute and chronic cocaineinduced locomotor hyperactivity.
Attenuation of Cocaine CPP in Tg-S421A Mice
CPP is a widely-used, standard procedure for assessing the rewarding effects of drugs in rodent models [13, 14] . We therefore determined whether cocaine-induced CPP was altered in Tg-S421A mice. As expected, cocaine promoted the establishment of CPP in WT mice, as
shown by the increment of time spent in the cocaineassociated compartment (Fig. 4A) . However, Tg-S421A mice had reduced preference for the cocaine-paired context compared with the WT mice (P <0.001, Fig. 4A ).
As a control, conditioning with saline did not induce place preference in WT and Tg-S421A mice (Fig. 4A) . These results indicate that inhibition of D1R phosphorylation at S421 attenuates the rewarding effect of cocaine.
Because the ERK pathway plays a critical role in cocaine addiction [15, 16] , we examined ERK activation after the cocaine-CPP test in WT and Tg-S421A mice. Western blot analysis showed that the p-ERK1/2 levels in striatal extracts from transgenic mice were lower than those in WT mice (P <0.05, Fig. 4B ).
DA neurotransmission is implicated in the regulation of motor activity, motivation and reward, cognitive processes, and emotional responses [17, 18] . 4D ). These data argue against the possibility of a negative emotional effect on the cocaine-rewarding behaviors in Tg-S421A mice.
The present experiments using Tg-S421A mice provide important in vivo evidence for the critical role of S421 phosphorylation of D1R in cocaine addiction. P rotein kinase-mediated phosphorylation of the D1R has been extensively studied and shown that GRKs 2-5 are all capable of phosphorylating D1R in cell culture models [4] .
However, the in vivo role of GRKs in D1R signaling in drug addiction remains to be determined [12, 19, 20] . For example, although GRK6 seems to be the most prominent GRK in both the dorsal and ventral striatum, observations in mice lacking GRK6 indicate that the D2R is its physiological target [ 21, 22] . In addition to GRKs, the second-messenger activated protein kinases, PKA and PKC, can also phosphorylate the D1R. For example, PKA phosphorylates T268 in the third cytoplasmic loop and T380 in the carboxylterminus of the D1R, which regulates either the rate of desensitization or the intracellular traffi cking of the receptor once internalized [23, 24] . D1R can also be phosphorylated either constitutively or heterologously by PKC (including PKC α, βI, γ, δ, and ε) at S259 in the 3 rd intracellular loop and S397, S398, S417, and S421 in the carboxyl terminus, which results in the inhibition of receptor-G-protein coupling and downstream signaling [25] [26] [27] . In these studies, the PKD1, a relatively new member of the CaMK family, plays an important role in neuronal development, neuroprotection, and learning [28] . Recently, we revealed the critical role of PKD1 in cocaine addiction through phosphorylating S421 of the D1R [9] . Lentivirus-mediated PKD1 knockdown effectively reduced the increase in locomotor activity after acute cocaine injection. Moreover, the essential role of S421 of the D1R in receptor membrane localization, downstream ERK signaling, and cocaine-induced behaviors in rats was revealed. The present study provides in vivo evidence for the critical role of S421 of the D1R in receptor membrane localization and behavioral responses to cocaine in mice.
Similarly, the critical role of CaMKII-mediated phosphorylation of S229, located in the third loop of the D3 receptor, in the regulation of receptor signaling and the motor response to cocaine, has been demonstrated by another research group [29, 30] . Taken together, our findings implicate S421 of the D1R as a potential therapeutic target for the treatment of cocaine addiction and other drug-abuse disorders.
